Abbreviations used in this paper: CSF = cerebrospinal fluid; EMG = electromyographic; MR = magnetic resonance; SCM = split cord malformation; SSEP = somatosensory evoked potential; TCS = tethered cord syndrome.
T between many studies. Pang and Wilberger 10 and others 6, 18 have described optimistic surgical outcomes. Others, however, have reported significantly less favorable outcomes after detethering surgery, 11, 14, 15 underscoring the need for further large-scale studies to address this issue.
In this study we report data on clinical outcomes at long-term (mean 41.5 months) follow up in 60 adult patients who underwent microsurgery for TCS.
Clinical Material and Methods

Patient Population
Between August 1994 and 2004, 62 patients underwent 64 detethering surgical procedures for TCS at the Division of Neurosurgery of Toronto Western Hospital. In accordance with the terms adopted by Yamada and colleagues 19 in 1981, patients with TCS included cases involving either tight terminal filum or secondary lesions that restrict the movement of the caudal spinal cord. Findings in all of the patients satisfied the radiological criteria for a low-lying conus medullaris below the level of L-2. Patients who underwent microsurgical release of the spinal cord for tethering secondary to posttraumatic or infective arachnoidal scarring were not included in the current review. Two patients were lost to follow up, and their data were excluded from further analysis. Clinical data obtained in the remaining 60 patients (mean age 43 years, range 17-72 years; 26 men and 34 women) are the subject of the present analysis.
The sole patient with asymptomatic TCS in this series underwent prophylactic sectioning of a tight terminal filum as part of the surgical management of a large subcutaneous lipoma that extended intradfurally. The remainder of the patients presented with back/lower-limb pain, progressive neurological deficits, or sphincter dysfunction, consistent with the adult presentation of TCS.
Surgical Technique
The surgical plan for each patient was tailored according to the preoperative radiological diagnosis and modified as necessary according to intraoperative pathological findings. In all cases, surgery was performed under continuous intraoperative electrophysiological monitoring, including monitoring of bowel and bladder function, with the aim of complete untethering of the spinal cord. 8 Lumbosacral laminectomies were performed to obtain adequate exposure of the conus medullaris and cauda equina. Identification of the terminal filum was established by the anatomical method 18 and confirmed by the lack of EMG activity on bipolar stimulation before clip ligation and definitive sectioning. Secondary tethering lesions (for example, lipomas, and dermoid tumors) were maximally debulked. Patients who had undergone myelomeningocele repair in childhood or previous detethering surgery represent more difficult-to-treat cases. The presence of extensive arachnoidal adhesions required meticulous dissection to ensure complete release of the spinal cord. At the close of surgery, dural reconstruction was performed with close attention to avoiding any restriction around the conus medullaris and cauda equina, thus minimizing the chance of retethering. In 21 cases in which there was insufficient dura for primary closure, duraplasty using substitute materials was performed.
Intraoperative Neurophysiological Monitoring
Surgery was performed under continuous SSEP or EMG monitoring. The institutional setup and techniques for perioperative SSEP and EMG monitoring have been detailed in a previous report 8 and are briefly described here. Subdermal 12-mm stainless-steel needle electrodes were used for stimulation and recording of lower-limb SSEPs. Somatosensory evoked potential amplitudes recorded throughout the procedure were monitored by an electrophysiologist and repeatedly compared with baseline recordings.
Lower-limb EMG activity was recorded by placing 25-mm paired stainless-steel needle electrodes into muscle groups (bilateral quadriceps femoris, tibialis anterior, and gastrocnemius) supplied by the L2-S2 nerve roots. A specialized ring urethral electrode with two platinum leads (Medtronic/Dantec, Jacksonville, FL) was mounted on a standard Foley urinary catheter and was used to monitor external urethral sphincter activity. With the patient in a prone position, anal sphincter recording electrodes (Medtronic/Dantec) that had been mounted on a sponge were inserted into the anal canal. A Kartush bipolar stimulator was used intraoperatively to assess functioning of neural tissue during dissection. Motor unit potentials and discharges produced by electrically stimulated or manipulated nerve root activity were converted to auditory signals that were interfaced to a loudspeaker to provide feedback for the surgeon. Signals indicating spontaneous EMG activity prompted the surgeon to perform an intraoperative survey to identify the responsible factors. Significant events of both spontaneous and elicited EMG activity were noted.
Clinical Follow Up
After discharge from the hospital, the patients were typically reviewed at 4 weeks, 6 months, and then annually or biannually. Patients in whom surgery-related complications developed were reviewed more frequently. Patients residing outside the province of Ontario (including those living overseas) were reviewed until their neurological status stabilized before discharge to the care of their referring physicians. In most cases, regular updates of patients' status continue to be obtained through correspondence by conventional or electronic mail. Such information, however, was not included in the follow-up data in the current report. In cases in which specific concerns or recurrent symptoms were identified by the referring physicians, the patients presented again to Toronto Western Hospital for review. Each consultation consisted of a standard interview and a detailed neurological examination. Most patients were also independently assessed by a urologist and underwent pre-and postoperative urodynamic evaluation.
In patients who either did not respond to surgery or developed recurrent symptoms and neurological dysfunction, magnetic resonance imaging and electrophysiological studies were obtained to exclude the need for further detethering surgery. Surgical outcomes were classified as either successful (good/excellent) or suboptimal. Patients were deemed to have excellent clinical outcomes if they had complete or marked improvement in pain, neurological dysfunction, and/or urological dysfunction. Patients whose presenting symptoms were improved but who continued to have mild residual symptoms of back or leg pain postoperatively were considered to have good outcomes. In the subset of patients presenting with documented progressive sensorimotor deficits and/or urological impairment, stabilization of neurological function was also considered to reflect a good outcome. Suboptimal outcomes were defined by either persistent or early (within 1 year of surgery) recurrent pain, or progressive neurological and/or urological dysfunction despite surgical intervention.
Results
Clinical Features
Clinical features at presentation are summarized in Table 1 . Overall, pain was the most common complaint among the 59 patients with presenting symptoms, 43 presenting with back pain and 33 with leg pain or sciatica. Muscle weakness was present in 46 patients. Altered sensation consisting of numbness or paresthesia was present in 40 patients. Bladder dysfunction was present in 42 patients. The most frequent urological complaints were urgency, frequency, and urge incontinence. Four patients had fecal incontinence. Two patients presented with sexual dysfunction.
Cutaneous stigmata (hypertrichosis, dermal pit, hairy patch, subcutaneous lipoma) were present in 15 patients. Other clinical findings at presentation included foot deformity in 13 patients, leg length discrepancy in five patients, and muscular atrophy in 13 patients. In five patients, physical examination revealed scoliosis, although this had not been their presenting complaint.
Previous Surgery
Twenty-two patients (37%) had previously undergone spinal surgery. Of these, 15 had undergone myelomeningocele repair in childhood. Four of these patients also subsequently underwent spinal detethering at other pediatric institutions. Three others underwent spinal surgery at ages 10, 13, and 20 years, respectively, although details of the surgery were not available. Of the remaining seven patients (who had no history of spinal dysraphism), five had previously undergone detethering surgery and two had previous lumbar fusion for back pain.
Pathological Findings
The major categories of tethering lesions were tight terminal filum in 29 patients, postrepair myelomeningocele in 15 patients, lipomyelomeningocele/lipoma in nine patients, SCM ( Fig. 1 ) in four patients, and arachnoidal adhesions in three patients. Intraoperatively, multiple pathological findings (Fig. 2) were present in 50% of cases. The operative findings are summarized in Table 2 .
Surgical Complications
The most common complication was CSF leakage, which occurred in nine patients. It was managed by placing additional reinforcement sutures in four patients, establishing temporary external CSF diversion by spinal drainage in three patients, and lumboperitoneal shunt treatment in two patients. Infective complications included superficial wound infection in three patients, meningitis secondary to wound infection in one, and urinary tract infection in one patient. Two patients experienced transient urinary retention but had restored bladder function before discharge from the hospital. Two patients experienced neurological complications. One patient had worsened unilateral foot/ leg weakness in the immediate postoperative period. This patient had undergone multiple spinal procedures (Ͼ 20) previously. At surgery, massive arachnoidal scarring was noted in this patient, and the nerve roots could not be visually discerned due to the scarred arachnoid tissue. Another patient experienced numbness of the right upper thigh and dorsum of the foot. These symptoms had completely resolved by the 3rd postoperative month.
Follow Up
Two patients were lost to follow up. At a median follow up of 27.5 months (range 1-125 months, mean 41.5 months), patients presenting with pain demonstrated the greatest improvement (Table 3) . Back pain and leg pain improved in 78 and 83% of patients, respectively. Of the six patients who had persistent back pain postoperatively, two patients had previously undergone lumbar fusion surgery. Progressive motor deficits present preoperatively were either stabilized (27%) or improved (64%) in most patients. In contrast, sensory deficits were less likely to improve, with symptoms of numbness or paresthesias remaining unchanged in 50% of patients with those deficits. Urological dysfunction was subjectively improved in 50% of patients with that complaint and remained unchanged in 45% of patients. None of the patients with foot deformities or scoliosis showed signs of progression.
During the follow-up period six patients experienced new symptoms that were not present at initial presentation. Three patients complained of minor back pain. These patients were treated conservatively with simple oral analgesic agents. One patient complained of delayed unilateral groin/thigh pain. Subsequent investigations including a bone scan failed to disclose the source of pain. Two patients experienced delayed penile tip and leg numbness, respectively, both in the setting of otherwise improved neurological function.
Overall, 90% of patients had excellent or good clinical outcomes after surgery for TCS. Six patients (10%) were deemed to have had suboptimal outcomes ( Table 4) . Five of these patients had undergone previous surgery, including childhood myelomeningocele repair in two, detethering procedures in two, and both myelomeningocele repair and detetherings in one. Three patients underwent multiple detethering procedures. At surgery, extensive arachnoidal adhesions and scarring were noted in four patients. Three of the patients with suboptimal outcomes experienced temporary improvement of symptoms (range 3-6 months), and three experienced no improvement of symptoms. Over a mean follow-up period of 70.3 months, three patients experienced progressive paraparesis with markedly reduced ambulatory status.
Postoperative clinical outcomes were further considered in five subgroups based on the main tethering lesion identified at surgery (Table 3) .
Repeated Surgery
Two patients underwent repeated detethering surgery during the follow-up period. The first patient was a 17-year-old boy who had undergone myelomeningocele repair in childhood and three subsequent detethering procedures. In the first procedure performed at our institution, massive arachnoidal scarring was found intraoperatively. Postoperatively, the patient experienced improvement in leg pain and motor strength for 6 months, but his condition subsequently deteriorated. He underwent repeated detethering surgery 1 year after the initial procedure. The patient's neurological condition was stable for approximately 1 year but subsequently progressively deteriorated. This course was further complicated by a car accident that appeared to have triggered a more rapid clinical decline. At most recent follow-up examination (77 months), the patient had severe paraparesis and was wheelchair bound. In view of the extensive arachnoidal scarring present at surgery and relatively short-lived clinical response, further surgery was not contemplated.
The second patient was a 51-year-old man who had received a diagnosis of diastematomyelia as a child but presented with delayed neurological worsening in adulthood. During the initial procedure, the patient underwent excision of a bone spur and debulking of an extra-and intradural lipoma. The patient's symptoms improved initially but recurred 10 months later. Repeated MR imaging demonstrated a fatty terminal filum, which accounted for the persistent tethering of the conus medullaris. The patient underwent a subsequent procedure to section the terminal filum. At postoperative follow up (77 months) the patient had sustained improvement in back and leg pain.
Discussion
Although TCS has been described since the 1950s, it was initially regarded as a pediatric problem. In 1980, Pang and Wilberger 10 performed the first systematic review of their experience in treating adult patients who presented with TCS. Since then, few detailed clinical studies of large numbers of patients have been conducted. Five of the nine reports published to date have described small cohorts of between 10 and 23 patients (Table 5) . Furthermore, comparison of surgical outcomes between studies has been challenging. First, the inclusion criteria appear to differ between reports. Gupta, et al., 4 have excluded patients with postrepair myelomeningocele because they be- 
lieved it represents a complication of surgical management of pediatric spina bifida, although they have acknowledged that patients with this type of lesion formed the largest group of adult patients presenting with TCS. On the other hand, Phi, et al., 11 have excluded from their review "patients who received meningomyelocele repair at infancy or lipoma removal at childhood and experienced neurological deterioration far later in adulthood by the process of tethering but have included two cases of "re-tethering" referred from other institutions. In contrast, patients with postrepair myelomeningocele have been included in other studies of adult TCS. Second, the reporting of surgical results has been inconsistent and lacking in detail in many studies, precluding a meaningful analysis of the clinical response to surgery of patients with specific presenting complaints. Some authors have reported on pain without differentiation between back and leg pain. Others have considered motor and sensory deficits within a single category of sensorimotor deficits. Our results suggest that each of these aforementioned clinical categories is associated with significantly different clinical responses to surgery. Third, rates of surgical complications have not been reported in all studies. These areas of concern highlight the need for more accurate and consistent reporting of the surgical outcomes of adult patients with TCS.
Evaluation of the results of surgical treatment of TCS in adults has been further hampered by a poor understanding of the natural history of this condition. Phuong, et al., 12 have reported on a cohort of 45 patients from the Mayo Clinic who had undergone neonatal myelomeningocele repair and subsequently developed symptoms and signs of TCS. These patients were treated based on their symptoms (for example, with contracture release, spinal deformity correction, and bladder augmentation) and did not undergo detethering spinal surgery. During a mean follow-up period of 12.2 years (range 1-41 years), 89% of the patients underwent orthopedic or urological procedures. The incidence of progression of TCS (as reflected by the need to perform additional surgical procedures) was 27.5, 40, and 60% at 1, 2, and 5 years of follow up, respectively. These findings suggest that TCS, at least in the setting of postrepair myelomeningocele, is associated with a poor clinical course when managed conservatively.
Phi, et al., 11 recently have made a timely plea for the results of surgery for TCS in adulthood to be reconsidered. It has been generally believed that the prognosis of adult TCS after surgery is favorable; 6, 10, 18 however, a review of the published literature suggests that clinical outcomes are in fact highly variable. 1, 3, 4, 6, 7, 10, 14, 15, 18 Patients presenting with back pain or sciatica have been generally regarded as the most responsive to detethering surgery. Nevertheless, even when this symptom alone is considered, reported improvement rates have ranged from 14 to 100% (Table  5) . After detethering surgery, improvement in sensorimotor deficits was reported in 10 to 100% of patients. Reports of postoperative urological outcomes have been similarly variable, with improvement in bladder function observed in 14 to 60% of cases.
The results of the current study confirm that excellent clinical outcomes with low risk of neurological complications can be achieved in the majority of patients. Patients presenting with back or leg pain have a significant chance (78-83%) for improvement, regardless of the origin of the tethering. Similarly, patients with muscle weakness have a good prognosis for recovery; however, sensory deficits and urological dysfunction are more likely to remain static. Conversely, the chance of symptomatic or neurological worsening over time after surgery is relatively small. Only one patient in this series experienced a permanent exacerbation of unilateral foot/leg weakness in the immediate postoperative period.
We further identified several issues that had not previously been addressed in the literature. First, a considerable proportion of patients report new symptoms at mediumor long-term follow up. In addition to the three patients in the series who complained of minor back pain, one reported inguinal/thigh pain and two patients reported new sensory symptoms, even though their original symptoms were significantly improved or resolved. The pathophysiological origin of these symptoms is not understood. Second, a history of previous tethering surgery appears to be a poor prognostic factor, particularly when extensive arachnoidal scarring is present intraoperatively (Fig. 3) . These factors were relevant in five of the six patients who were deemed to have had poor surgical outcomes. In the sixth patient, surgery was complicated by infective meningitis, which may have led to arachnoidal scarring. Third, when planning surgical treatment the surgeon must be cognizant of the possibility of multiple tethering lesions, an intraoperative observation made in 50% of the patients. This issue was further illustrated by the case of the patient with diastematomyelia who required a second detethering procedure. He initially underwent resection of a bone spur and debulking of a lipoma, but his symptoms persisted postoperatively. The results of subsequent imaging studies suggested further tethering secondary to a taut fatty terminal filum. Repeated surgery to address this finding led to significant improvement in his symptoms. Last, a small subset of patients appears to undergo neurological deterioration despite apparently adequate detethering surgery. In this series, three patients (5%) experienced progressively worsening paraparesis during the follow-up period. The pathophysiological origin of this phenomenon is also not known and remains a subject for further research.
Classification of Adult TCS
A number of classification systems for TCS have been reported. These systems are largely based on the characteristics of patients' clinical presentation and the presence of spinal dysraphism. In their landmark paper, Pang and Wilberger 10 have classified patients according to whether they were healthy in childhood but symptoms developed in adulthood or had static neurological deficits or skeletal deformities that were diagnosed in childhood but they remained well until the onset of new and progressive neurological deficits in adulthood. McLone 9 classified patients into three groups: 1) an occult TCS group with cuta- 18 classified patients into two groups depending on whether they had a history of spinal dysraphism.
More recently, van Leeuwen, et al., 15 reported the clinical outcomes after detethering surgery in four patient subgroups based on the origin of tethering: 1) postrepair myelomeningocele; 2) terminal filum lipoma and tight terminal filum; 3) lipomyelomeningocele and conus lipoma; and 4) SCM. This classification has potential prognostic value and has been adapted for use in the current study. Our results support such an etiological classification. We found that in patients with tight terminal filum and SCM, the prognosis of surgery is excellent, and no patient's condition in this group had worsened at the most recent follow up. In contrast, patients who had undergone previous myelomeningocele repair and patients who had a conus lipoma or adhesions had a 9 to 50% chance of worsening pain and sensorimotor deficits when last reviewed clinically.
Role of Intraoperative Electrophysiological Monitoring
In our opinion, the low incidence of permanent neurological complication (1.7%) reported in the current study supports the hypothesis that intraoperative electrophysiological monitoring, particularly with evoked EMG activity, plays an important role in safe detethering surgery. 8 Pang and Wilberger 10 have reported that intraoperative stimulation was used in difficult cases to identify the caudal extent of functioning neural elements and that in at least two cases they reviewed, the surgical plan was modified intraoperatively. In one case, the conus medullaris was highly stretched and distorted, but stimulation demonstrated neural elements. On the other hand, a thickened structure originally thought to be the conus medullaris turned out to be a distended filum with lipomatous changes. Von Koch, et al., 16 and Quinones-Hinojosa, et al., 14 have demonstrated that in greater than 70% of both pediatric and adult patients, muscle activation via the terminal filum required 100 times the voltage needed to activate a motor nerve root. Information from terminal filum stimulation may be used to avoid injury to fine motor sacral nerves that may adhere to or share the pia mater of the terminal filum. In cases of lipomyelomeningocele, Haro, et al., 5 have argued that intraoperative spinal cord monitoring is indispensable to safe operation because functional neural elements are often embedded within the lipomatous tissues. Evoked muscle action potentials of the external urethral sphincter, the external anal sphincter, and muscles in the lower limbs indicate whether neural elements are involved before the surgeon releases or transects the tissues in cord release. 5 Pouratian, et al., 13 have recently reported on the utility of intraoperative electrophysiological monitoring based on their experience with 88 pediatric and adult patients. The authors' surgical plan was modified according to stimulation findings in 18% of cases. In five cases, surgery was completely aborted. In a prospective review of 15 adult patients treated for TCS at our institution, Krassioukov, et al., 8 have found that the bipolar stimulating electrode was used to identify functional neural tissue in essentially all cases before and during microsurgical dissection. Electrical stimulation was used to establish safe planes and limits of dissection, allowing for maximal detethering at minimal risk of compromising functional neural tissues. Although an unbiased assessment of the advantages of intraoperative electrophysiological monitoring can be done only through a large-scale, multicenter randomized study, performance of such a study is unlikely due to ethical considerations.
Incidence of Retethering
The incidence of retethering and the indications for repeat surgery remain controversial. In the pediatric age group, Archibeck, et al., 2 have suggested that retethering is relatively common. They found that among 52 patients followed up for 2 to 11 years, 52% required revision surgery by age 5 years. After a second release procedure, the revision rate was 57%. In contrast, the incidence of retethering in adults seems to be significantly lower. Huttman, et al., 6 have reported that over a mean follow-up period of 8 years, nine (16%) of 56 patients were deemed to require repeated detethering surgery. In the current study, two patients (3.3%) required repeated detethering procedures during the follow-up period. Nonetheless, determination of whether this represents a real observation or an underrecognized phenomenon awaits further study.
Conclusions
Surgery for adult TCS may be performed safely with a low incidence of permanent neurological complications. The majority of patients experience improvement of pain and neurological dysfunction, with the best clinical outcomes achieved in patients with tight terminal filum or SCM. Previous detethering surgery associated with intraoperative findings of extensive arachnoidal scarring appears to be a negative prognostic factor. FIG. 3 . Sagittal T 2 -weighted (left) and contrast-enhanced axial (right) MR images obtained in a patient with postrepair myelomeningocele demonstrating a low-lying conus medullaris associated with extensive epidural scarring (arrow). At surgery, severe arachnoidal scarring was also observed. Despite microsurgical detethering with lysis of extensive adhesions, the patient experienced recurrence of leg pain although the initial outcome was favorable.
